[1] The rupture of the Sumatra earthquake (M w = 9.0) is complex and quite difficult to estimate using classical source inversion methods due to the exceptional rupture duration. To fix the problem of geographical extent and rupture duration, we use array processing of hydroacoustic and regional seismic data. The CMAR-seismic array and the Diego Garcia hydroacoustic station (H08S) installed by the International Monitoring System are respectively 15.2°and 25.7°far from the hypocenter. The estimation of azimuth and velocity variations of homogeneous wave fronts across the arrays gives us the opportunity to understand how the rupture propagates. The smooth and regular variations of azimuth fit a rupture extension of 1235 km and a duration of 515 s. This study proves that the combination of array analysis using the different technologies installed for the CTBT is an interesting way of research for a rapid estimation of tsunamigenic earthquakes. Citation: Guilbert, J., J. Vergoz, E. Schisselé, A. Roueff, and Y. Cansi (2005), Use of hydroacoustic and seismic arrays to observe rupture propagation and source extent of the M w = 9.0 Sumatra earthquake, Geophys. Res. Lett., 32, L15310,
Introduction
[2] The 26 December 2004, M w = 9.0 Sumatra earthquake is the first major earthquake ever recorded with so many technologies and sensors at all distances including satellites. This earthquake generated a tsunami which devastated the coasts around the Bay of Bengal. The rapid estimation of rupture process and the geographical extension of the rupture is the key of a future tsunami warning system. The estimation of the magnitude for large earthquakes is based on the analysis of long period seismic waves [Dziewonski et al., 1981] . This measure gives a good description of the size of the earthquake but is really reliable at least one hour or more after the occurrence of the earthquake. To overcome this intrinsic limitation, we focus our studies on small array records. Small arrays of sensors are the main technology of the International Monitoring System because they increase the detection sensitivity. The utility of array records at regional distances has already been underlined in terms of description of the rupture propagation for a major earthquake [Le Pichon et al., 2002] . Indeed the result of the array analysis in terms of azimuth and velocity time-evolution allows us to directly observe the propagation of the rupture along the fault. This description can be very useful few minutes after the earthquake occurrence as further information to the magnitude to estimate the size of the rupture and to model the tsunami.
Observations and Wave Parameters

Hydroacoustic Array of H08S
[3] The hydroacoustic stations installed for the Comprehensive Nuclear-Test-Ban Treaty (CTBT) verification and collected at International Data Centre (IDC) in Vienna were designed to detect acoustic rays trapped in the SOund Fixing And Ranging (SOFAR) channel. The hydrophone sensor records the pressure changes at a frequency range of approximately 1 to 100 Hz. The strong majority of the hydroacoustic detections are due to T waves which are generated by earthquakes along the plate margins beneath or close to oceans [Graeber and Piserchia, 2004] . The conversion of seismic waves to T waves takes place along shallow, inclined bathymetry and is generated by the seafloor scattering phenomena.
[4] The H08S station is composed of a triplet of hydrophones installed in Chagos Archipelago (Figure 1 ). The distance between hydrophones is approximately 2 km. The wave parameters of the hydroacoustic waves are calculated with the Progressive Multi-Channel Correlation method (PMCC). This method, originally designed for seismic arrays, proved to be very efficient for hydroacoustic data [Cansi, 1995; Graeber and Piserchia, 2004] . Thirty minutes after the main shock, PMCC algorithm begins to detect hydroacoustic waves propagating from the hypocenter (Figure 2 ). This detection of coherent acoustic waves immediately starts to turn in azimuth from 66°w hich is the azimuth of the main shock to 43°during more than 600 s. This variation of azimuth covers the region between the main shock (north of Sumatra) to the northern part of the Andaman Islands (Figure 1 ). Inside this long time window of detection, we notice that even the azimuth variation of the most energetic part of the T-wave signal is steady, the hydroacoustic technology permits to detect some patches of detections 500 s after the first detection with an azimuth close to the location of the hypocenter (Figure 2 ). It seems that these last detections are the first aftershocks close to the hypocenter whereas the propagation of the rupture was still occurring northward. This observation is very interesting and asks us a question concerning the definition of the rupture process for this giant earthquake.
[5] The high sensitivity of H08S hydroacoustic array located 25.7°from the offshore Sumatra earthquakes is proved by the 2000 aftershocks recorded during 6 days after the main shock. For comparison the real time mixed event list from the European Mediterranean Seismological Centre (available at http://www.emsc-csem.org/ GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L15310, doi:10.1029 /2005GL022966, 2005 
Seismic Array
[6] The CMAR seismic array (Chiang Mai Array, Thailand) is composed of 18 short-period stations covering a 9 Â 9 km area ( Figure 1 ). Installed by the International Monitoring System and transmitted to the IDC, this seismic array is the only one at regional distance. Figure 3 shows the records at one station of the CMAR array. We can see that there is no signal saturation in the time window corresponding to the P and Pn arrivals. The saturation starts from the S-wave time 350 s after the first P-wave detection from the main shock. Due to the complexity of regional waves, we apply an original algorithm of array processing. This algorithm is based on MUSIC [Schmidt, 1986] and uses 2 eigenvectors [Schisselé et al., 2004] . This MUSIC analysis using the vertical component of 19 short period stations shows that azimuth of the P waves changes drastically from 190°to 245 and the apparent velocity moves from teleseismic velocity to regional Pn velocity ( Figure 3 ). This last observation indicates that the rupture starts at teleseismic distance and propagates until regional distance. In comparison with the previous H08S observations, the variations of azimuth seem to be scattered with an offset of 9°for the first detection corresponding to the P-wave from the main shock. This offset is due to the regional complexity of the velocity model. To understand this complexity we select 11 events along the presumed fault defined by the aftershocks. For each event, we compare the theoretical and the observed azimuths of the P or Pn and T waves. The measurement made on the hydroacoustic waves show that the PMCC azimuth estimations for the most energetic part of the signal rise towards the epicenter (Table 1) . On the other hand the time azimuth estimations on CMAR array show that the ray path is deviated to the north with an offset depending on the position along the area defined by the aftershocks. This deviation seems to be associated with a trapping effect inside the slab.
Results of Inversion
[7] The observation made in Table 1 for the 11 events indicate that the PMCC detections at H08S station point to the area of conversion between seismic waves to T-waves on the bathymetry at the SOFAR depth. The first part of this inversion consists to localize the area of seismic to T waves conversion along the trench at 1200 ± 100 m depth (Figure 4c ) [Graeber and Piserchia, 2004] . This area is symbolized using 3 segments along the oceanic trench. Reporting the first detection associated with the 26 December earthquake on this area using the acoustic velocity equal to 1482 m.s À1 [Talandier and Okal, 1998 ], we find 20 s. delay between the time of conversion and the origin time of the earthquake. This delay represents the time of propagation of the seismic wave before the conversion. Given that the distance between the point of conversion and the hypocenter is 120 km, we find that the most energetic conversion between seismic to T waves is due to the Pg wave. Combining all these observations, we can say that the rupture propagation of the main shock is northward and unilateral and the time variations of azimuth represent the horizontal rupture velocity.
[8] To estimate the rupture velocity, we assume that the horizontal length of the rupture is greater than the vertical rupture along the fault. So, the previous offset of 120 km between the seismic source and the T-wave conversion is constant along the rupture process. The parameters of the inverse problem are the velocities of the rupture for each segment defined along the conversion area (Figure 4c ). The range of variation for the rupture velocity during the inverse process is between 0.5 km.s À1 to 5 km.s
À1
. The optimization of this problem consists to minimize the residual time between the estimated arrival at H08S station and the PMCC detections. The fit between observation and simulation is shown Figure 4a . The solution is very stable with variation less than 1% on the velocity of the rupture estimated for each segment. The first segment between the epicenter (3.5N, 95.72E) and the point (7.27N, 94.2E) is modeled by a rupture velocity equal to 2.7 km.s À1 along 450 km. The second segment of the faulting system is 445 km long with a velocity of rupture equal to 2.5 km.s À1 . The coordinates (11.09N, 92.85E) of the second corner are situated in the Nicobar Islands. The rupture velocity of the third segment of the fault (340 km long) located beneath the Andaman Islands is estimated to 2.0 km.s À1 and the coordinates of the termination point are estimated to (14.18N, 92.9E). The global error on the azimuth is equal to only 0.3°a long the 800 s of time window corresponding to the hydroacoustic detections. The duration of the rupture is 515 s along 1235 km.
[9] To test this inversion, we introduce the previous solution to estimate the variation of azimuth at CMAR array. To compute the propagation time, we use the RUM model [Gundmundsson and Sambridge, 1998 ]. The variations of azimuth are corrected using the corrections described in Table 1 . The result of this simulation is shown Figure 4b . The MUSIC estimation at CMAR array is very well explained during 250 s of observation which represents the first 340 s of the rupture. The mean error is 3.6°which can be compared to the 13.7°of mean error without any local correction. Only the last segment of the rupture shows a misfit with the MUSIC detections. The mean value of the misfit for this last portion of the rupture is equal to 4.5°. The global fit of the P-wave detections at CMAR array is good and the global tendency shows that the velocity and the time duration of rupture estimated using hydroacoustic data are accurate.
Discussion
[10] This previous study shows that the result is very coherent between the seismic and hydroacoustic array processing. The simulation matches well the azimuth-time evolution (Figures 4a and 4b) . The first interesting point is that the length of the fault is evaluated to 1235 km. This result is consistent with the work done by A. Lomax (Rupture rapid estimation of faulting extent for large earthquakes by locating the end of rupture: Application to the 2004, Mw = 9.0 South Asia mega-thrust, 2005, available at http://alomax.free.fr/posters/sasia/end_rupture/ end_rupture.html) on the 1Hz P-wave energy at teleseismic The apparent velocity of the P-wave (blue dots) moves from teleseismic velocity to regional Pn velocity. The MUSIC algorithm allows to detect coherent P waves signal inside the S-wave window. Figure 4c and Figure 2) . Actually, as shown Figure 4c , the amplitude of hydroacoustic waves reported along the fault shows that the third part of the rupture does not radiate a lot of energy. Another interesting point is associated with the time duration of the rupture process. Indeed the first aftershocks are detected on hydroacoustic record at H08S station whereas the northward rupture still occurred. This observation is very important to understand why the kinematic rupture inversions have a limited image of the rupture.
[11] Future studies will allow us to understand the last stage of this rupture process in term of velocity (2.0 km.s À1 ), displacement and radiated energy.
Conclusion
[12] The 26 December 2004 Sumatra earthquake is one of the five biggest instrumental earthquakes ever recorded. Because of the tsunami and its tragic consequences we focus our attention on a rapid estimation of the rupture extension using records from both CTBT hydroacoustic and seismic small arrays. The small array analysis allows to estimate the azimuth time evolution and to follow the rupture front. This property was already observed [Le Pichon et al., 2002] but in the present case of the Sumatra M w = 9.0 earthquake we can take advantage of the complementary hydroacoustic and seismology technologies. The quality of CTBT array makes this present analysis unique. The hydroacoustic technology shows the best results because the purely acoustic propagation takes place in a very homogeneous medium. Unfortunately the low velocity of the hydroacoustic waves in sea water leads to a delayed analysis of the records in comparison seismic one. On the other hand, even if the seismic record could be analyzed in less than 12 minutes after the main shock, the azimuth-time image needs to be corrected due to the local effects of propagation. In spite of these two limitations, the combination of these two observations allows us to evaluate a 1235 km of rupture extension and a 515 s duration. This estimation is a good further information to the M w magnitude in case of potentially tsunamigenic earthquakes.
